Introduction {#sec1-1}
============

Spinal cord injury (SCI) has serious consequences. The main reason for the high disability rate and poor functional recovery associated with SCI is irreversible structural and functional changes in neurons induced by progressive secondary damage after the primary injury (Ambrozaitis et al., 2006; Cai et al., 2012). Complicated physiopathological mechanisms occur after SCI. Links between the various mechanisms, causes and consequences of SCI remain poorly understood. Secondary injury to subcellular organelles, such as mitochondria, has been a major focus in recent studies. Many studies have focused on the pathophysiological mechanisms in subcellular organelles after secondary injury. However, few studies have reported the effect of SCI on mitochondria. Mitochondria are "energy factories" in eukaryotic cells. Understanding the changes in mitochondrial morphology and function after secondary SCI will facilitate better understanding of the pathological mechanisms after SCI.

Mitochondria form a dynamic network and are multifunctional organelles (Bereiter-Hahn et al., 1994; Yaffe et al., 1999). The dynamic changes of mitochondria are regulated by mitochondrial dynamics proteins, including fusion protein mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), optic atrophy 1, fission protein dynamin-related protein 1 (Drp1) and fission 1 (Hermann et al., 1998; Rube et al., 2004; Chan et al., 2006). The mitochondrial energy supply depends on mitochondrial fusion and fission, which contributes to information communication, including the rapid spread of membrane potential and exchange of mitochondrial contents to precisely regulate cellular activities (Rube et al., 2004; Detmer et al., 2007; Tatsuta et al., 2008). Morphological changes in mitochondria are strongly related to their function. Local ischemia, hypoxia, and changes in intracellular components after acute SCI can affect mitochondrial morphology and function. Simultaneously, mitochondria are involved in multiple mechanisms underlying the secondary injury of SCI by changing their morphology and function, including active oxygen, free radicals, calcium overload, electrolyte imbalance, and apoptosis (Abid et al., 2004; Jin et al., 2004; Giorgi et al., 2012; Solá et al., 2013).

This study investigated the changes in mitochondrial morphology and function within 24 hours after acute SCI to examine the pathological changes in secondary SCI and to lay a foundation for mitochondria-targeted therapy for SCI.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

This study used 108 healthy specific pathogen-free male Sprague-Dawley rats aged 10--12 years and weighing 250 ± 30 g provided by the Experimental Animal Center of Liaoning Medical University of China (license No. SCXK 2009-0004). The rats were housed in individual cages in a dry and well-ventilated room at 23--25°C, in 12-hour light/dark cycles, and allowed free access to food and water. All surgery was performed under anesthesia, and all attempts were made to minimize the pain and distress of the experimental animals. All animal experiments were carried out in accordance with the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1986). The protocols were approved by the Animal Ethics Committee of Liaoning Medical University of China.

Establishing a rat model of SCI {#sec2-2}
-------------------------------

In this study, 108 rats were equally and randomly assigned to six groups: sham group, SCI 2-hour group, SCI 4-hour group, SCI 8-hour group, SCI 16-hour group and SCI 24-hour group. Spinal cord anterior horns of six rats per group were used for each of the following studies: observation by transmission electron microscopy, western blot assay, and biochemical tests. The rats were intraperitoneally anesthetized with 10% chloral hydrate. After disinfection, a midline dorsal incision was made to expose the T~9--11~ spinous process and vertebral plate. The spinous process and vertebral plate were bitten with a rongeur to expose the spinal cord. In accordance with Allen\'s method (Yacoub et al., 2014), a 10-g object was vertically dropped from a 6-cm height, which impacted directly on the rat spinal cord. The following responses confirmed the successful establishment of the SCI model: spinal meninges congestion, rat lower limbs affected by spasms and swinging, and rat tail swinging. In the sham group, the spinal cord at T~9--11~ was exposed but no injury was caused.

Mitochondrial ultrastructure in rats by transmission electron microscopy {#sec2-3}
------------------------------------------------------------------------

Spinal cord from T~9--11~ segments was cut into 1-mm^3^ blocks at corresponding time points after injury in each group. Blocks were placed in fixative at 4°C for 2 hours, washed with 0.1 M sodium dimethylarsenate, and fixed in 1% OsO~4~ for 2 hours. The samples were dehydrated, embedded in paraffin and sliced into 50--70-nm-thick sections. These sections were placed on a copper screen, stained with uranyl acetate and lead citrate, and observed by transmission electron microscopy (Japan Electron Optics Laboratory Co., Ltd., Tokyo, Japan).

Mitochondria isolation {#sec2-4}
----------------------

Spinal cord mitochondria were isolated according to mitochondria kit instructions (Applygen Technologies Inc., Beijing, China). The following method was conducted at 4°C. Spinal cord tissue (100 mg) was cut into pieces and placed in a homogenizer. Then, 1.5 mL of precooling Mito Solution was added. After triturating 20 times, the homogenate was centrifuged in a centrifuge tube at 800 × *g* for 5 minutes at 4°C. The supernatant was removed into an additional centrifuge tube, and centrifuged at 800 × *g* for 5 minutes at 4°C. The supernatant was placed into another centrifuge tube, and centrifuged at 10,000 × *g* for 10 minutes at 4°C. Mitochondrial deposits were present at the bottom of the tube. The supernatant consisted of cytoplasm and was used for control experiments. Then, 0.2 mL of Mito Solution was added to the tube, mitochondrial deposits were resuspended, and it was centrifuged at 12,000 × *g* for 10 minutes at 4°C. Mitochondria deposits were present at the bottom of the tube.

Detection of mitochondrial membrane potential {#sec2-5}
---------------------------------------------

Mitochondria deposits were resuspended with Mito Solution at corresponding time points after injury in each group in accordance with the instructions of mitochondrial membrane potential kit (JC-1) (Beyotime Biotechnology, Haimen, China). The samples were divided into two portions for observation by fluorescence microscopy and measurement by fluorescence spectrophotometry. When the mitochondrial membrane potential was high, JC-1 in the mitochondrial matrix formed J-aggregates, which showed as red fluorescence. When the mitochondrial membrane potential was low, JC-1 did not aggregate in the mitochondrial matrix and existed as a monomer producing green fluorescence. Therefore, fluorescence microscopy (Olympus, Tokyo, Japan) was used to observe red and green fluorescence. In addition, fluorescence spectrophotometry (Shimadzu, Japan) was used to record the intensity of red and green fluorescence. To determine the fluorescence intensity, JC-1 monomers were detected under excitation wavelength of 490 nm and emitted wavelength of 530 nm and J-aggregates of JC-1 were detected under an excitation wavelength of 525 nm and emitted wavelength of 590 nm. The relative proportion of red and green fluorescence was used to determine the proportion of mitochondrial depolarization.

Determination of biological oxidation of mitochondria {#sec2-6}
-----------------------------------------------------

Biological oxidation of mitochondria was determined using a glutathione kit, a malondialdehyde (MDA) kit, an adenosine triphosphate (ATP) kit, and a Na^+^-K^+^-ATPase kit according to the manufacturer\'s instructions. All kits were purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Measurement of Mfn1, Drp1, cytochrome c and caspase-3 expression in the spinal cord by western blot assay {#sec2-7}
---------------------------------------------------------------------------------------------------------

Mitochondrial suspensions were lysed with lysate to prepare mitochondrial proteins. The samples were treated with protease inhibitors and maintained at −20°C. Cytosolic proteins were prepared from mitochondria isolated with a mitochondria isolation kit. Protein contents were determined using the bicinchoninate acid assay. Proteins were electrophoresed by 10%, 12% and 15% sodium dodecyl sulfate-polyacrylamide gels, then transferred to polyvinylidene difluoride membranes by the wet transfer method. Membranes were washed with Tris-buffered saline containing Tween 20 (TBST), blocked with bovine serum albumin at room temperature for 1 hour, and incubated with primary antibodies at 4°C overnight (mouse anti-Mfn1 monoclonal antibody, 1:1,000, Abcam, Cambridge, UK; rabbit anti-Drp1 monoclonal antibody, 1:1,000, Cell Signaling Technology, USA; rabbit anti-Vdac monoclonal antibody, 1:1,000, Cell Signaling Technology, USA; mouse anti-cytochrome c monoclonal antibody, 1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA, USA; rabbit anti-caspase-3 polyclonal antibody, 1:1,000, Santa Cruz Biotechnology; and mouse anti-β-actin monoclonal antibody, 1:1,000, Santa Cruz Biotechnology). After washing with TBST, the membranes were illuminated with enhanced chemiluminescence substrate (Millipore, Billerica, MA, USA), and photographed with a gel imaging system (UVP LLC, Upland, CA, USA). Semiquantitative analysis was performed using Image J software (National Institutes of Health, Bethesda, MD, USA). To determine the expression level of the protein, the grayscale value of Mfn1 and Drp1 was normalized to the values of the corresponding VDAC band, and the grayscale value of cytochrome c and caspase-3 was normalized to the values of the corresponding β-actin band. The experiments were performed six times.

Statistical analysis {#sec2-8}
--------------------

Data were analyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA). Measurement data were expressed as the mean ± SD. Comparison among multiple groups was tested by one-way analysis of variance and the least significant difference test. The α level was set at 0.05.

Results {#sec1-3}
=======

Mitochondrial morphology in the spinal cord after acute SCI {#sec2-9}
-----------------------------------------------------------

Transmission electron microscopy demonstrated that mitochondria were regular with distinct cristae in the sham group. Mitochondria had a regular shape but were larger in the SCI 2-hour group compared with the sham group. Mitochondria were large and with disordered cristae in the SCI 4-hour group. Mitochondrial volume was increased, and mitochondrial cristae were swollen in the SCI 8-hour group. In the SCI 16-hour group, the mitochondrial structures were not distinct, mitochondrial cristae were disrupted and disordered and partial mitochondrial membrane rupture and vacuolization were visible. Different mitochondrial size, irregular mitochondria, partial mitochondrial membrane rupture and vacuolization were detected in the SCI 24-hour group (**[Figure 1](#F1){ref-type="fig"}**).

![Mitochondrial morphology in the acute stages of SCI (transmission electron microscopy; × 10,000).\
Sham group: Regular mitochondria; SCI group: at 2 hours the mitochondrial volume was increased. At 24 hours, different mitochondrial size, irregular morphology, partial mitochondrial membrane rupture and vacuolization are present. Arrows: Mitochondria with typical changes. SCI: Spinal cord injury.](NRR-11-137-g002){#F1}

Expression of mitochondrial dynamic protein Mfn1 and Drp1 in the spinal cord after acute SCI {#sec2-10}
--------------------------------------------------------------------------------------------

Western blot assay revealed that mitochondrial fusion protein expression was increased, peaked at 8 hours after injury, and then decreased. Mitochondrial fission protein expression diminished, then increased, and peaked at 24 hours (**[Figure 2](#F2){ref-type="fig"}**).

![Expression of mitochondrial dynamics protein Mfn1 and Drp1 in the acute stages of SCI (western blot assay).\
(A) Bands representing Mfn1 and Drp1 at 2, 4, 8, 16 and 24 hours after injury. (B, C) Expression of Mfn1 and Drp1 as determined by Image-J software (ratio of optical density of target protein to VDAC). \**P* \< 0.01, *vs*. sham group (mean ± SD, *n* = 6, one-way analysis of variance and the least significant difference test). Mfn1: Fusion protein mitofusin 1; Drp1: dynamin-related protein 1; SCI: spinal cord injury; VDAC: voltage-dependent anion channel; h: hours.](NRR-11-137-g003){#F2}

Biological oxidation, bioenergy and enzyme activity on the mitochondrial membrane in the acute stage of SCI {#sec2-11}
-----------------------------------------------------------------------------------------------------------

Compared with the sham group, MDA content, glutathione content, ATP content, and Na^+^-K^+^-ATPase activity were reduced in the SCI groups compared with the sham group (*P* \< 0.05). With prolonged time of injury, antioxidant levels decreased, oxidative damage gradually occurred, mitochondrial capacity was blocked, and ATP production gradually diminished, resulting in a gradual reduction of enzyme activity (**[Table 1](#T1){ref-type="table"}**).

###### 

Na^+^-K^+^-ATPase activity, malondialdehyde, glutathione and ATP contents in mitochondria during the acute stages of SCI

![](NRR-11-137-g004)

Changes in mitochondrial membrane potential in the spinal cord in the acute stage of SCI {#sec2-12}
----------------------------------------------------------------------------------------

Fluorescence microscopy and fluorescence spectrophotometry demonstrated that the intensity of red/green fluorescence in the SCI groups was significantly lower than that in the sham group (*P* \< 0.01). With time prolonged, the intensity of red/green fluorescence was reduced, indicating a downward trend of the mitochondrial membrane potential (**[Figure 3](#F3){ref-type="fig"}**).

![Changes in mitochondrial membrane potential in the spinal cord during the acute stages of SCI (immunofluorescence staining; × 200).\
(A) Changes in mitochondrial membrane potential were observed using the JC-1 kit under fluorescence microscopy. JC-1 monomers were detected under excitation wavelength of 490 nm and emitted wavelength of 530 nm; J-aggregates of JC-1 were detected under an excitation wavelength of 525 nm and an emitted wavelength of 590 nm. Red fluorescence indicates normal mitochondrial membrane potential and green fluorescence indicates decreased mitochondrial membrane potential. Mitochondrial membrane potential decreased at 2, 4, 8, 16 and 24 hours after injury. Scale bars: 100 μm. (B) Changes in mitochondrial membrane potential were measured by fluorescence spectrophotometry. \**P* \< 0.01, *vs*. sham group (mean ± SD, *n* = 6, one-way analysis of variance and the least significant difference test). SCI: Spinal cord injury; h: hours.](NRR-11-137-g005){#F3}

Cytochrome c release and caspase-3 expression in the spinal cord in the acute stage of SCI {#sec2-13}
------------------------------------------------------------------------------------------

Western blot assay demonstrated that cytochrome c was released, and that active caspase-3 (caspase-3 p17) was expressed at 2 hours after SCI. Cytochrome c release gradually increased and caspase-3 p17 expression increased with time, peaking at 16 hours after SCI (**[Figure 4](#F4){ref-type="fig"}**).

![Cytochrome c release and caspase-3 expression in the spinal cord during the acute stages of SCI (western blot assay).\
(A) Bands representing cytochrome c and caspase-3 protein at 2, 4, 8, 16 and 24 hours after injury. (B, C) Cytochrome c and caspase-3 expression measured by Image-J software (the ratio of optical density of target protein to β-actin). \**P* \< 0.05, *vs*. sham group (mean ± SD, *n* = 6, one-way analysis of variance and the least significantdifference test). SCI: Spinal cord injury; h: hours.](NRR-11-137-g006){#F4}

Discussion {#sec1-4}
==========

The dynamic equilibrium between mitochondrial fusion and fission maintains the mitochondrial morphology in cells. These dynamic changes respond differently to the physiological needs of cells, such as apoptosis and cell repair (Rube et al., 2004; Tanaka et al., 2008; Shields et al., 2015; Song et al., 2015). Mfn1/2 plays a key role in mitochondrial fusion (Rojo et al., 2002). Mitochondrial fusion can be impacted in cells lacking Mfn1 or Mfn2 and mitochondrial fragmentation occurs affecting the tubular network structure, which can impact mitochondrial functions (Wong et al., 2000; Chen et al., 2003; Pyakurel et al., 2015). Drp1 is a fundamental component of mitochondrial fission, mainly localized in the cytoplasm (Smirnova et al., 2001). Drp1 assembles around the mitochondrial tubule to form a ring-like structure, altering the inter molecular distance or angle through GTP hydrolysis, gradually compressing until mitochondrial rupture occurs, producing two independent mitochondria. After mitochondrial rupture, Drp1 returns to the cytoplasm to regulate mitochondrial fission (Labrousse et al., 1999). Mitochondrial fusion and fission are not only closely related to mitochondrial morphology, but also to cell function and apoptosis (Tanaka et al., 2008). Overexpressed molecules that mediate mitochondrial fusion can promote mitochondrial fusion and inhibit apoptosis. Furthermore, the mitochondrial-network structure can disappear after fusion protein expression is down-regulated, enhancing cell sensitivity to apoptosis (Olichon et al., 2003; Lee et al., 2004; Wang et al., 2009). Overexpressed Drp1 promotes mitochondrial fission, tubular network structure rupture, and increased apoptosis (Figueroa-Romero et al., 2009). Inhibiting fission proteins suppresses apoptosis (James et al., 2003). The above studies suggest that mitochondrial fusion/fission is strongly associated with defense mechanisms or apoptotic mechanisms in cells. The precise molecular mechanisms of how mitochondrial fusion/fission contributes to cell death remain poorly understood, although mitochondrial dynamics have an important role in cell repair and apoptosis. Our results demonstrated that in the acute stage of SCI, mitochondrial fusion was increased, and then decreased; whereas mitochondrial fission was decreased, and then increased. In SCI, fusion plays a key role in the early stages and fission plays a key role in the late stages. These changes in mitochondrial dynamics cause alterations in mitochondrial morphology in the acute stage of SCI. Electron microscopy demonstrated that mitochondrial volume and cristae had changed at 4--8 hours after SCI. With prolonged injury time, mitochondrial membrane rupture and vacuolization occurred.

Oxygen free radicals, mainly produced from mitochondria, are generated during biological oxidation. The peroxidation of mitochondrial membranes affects the integrity of the structure and function of mitochondrial membranes, physiological activity of cells, and causes cellular apoptosis (Azbill et al., 1997; Kowaltowski et al., 1999; Diao et al., 2012). MDA is an endogenous genotoxic product of oxygen radical-induced lipid peroxidation. Glutathione content can indirectly reflect the ability of a body to scavenge free radicals. Therefore, determining MDA and glutathione content can indirectly indicate the generation of oxygen free radicals and the degree of tissue damage in cells (Lakroun et al., 2015). Under normal physiological conditions, the small amount of oxygen free radicals produced by mitochondria are scavenged by the scavenging system involving superoxide dismutase and glutathione to maintain the dynamic equilibrium between free radical production and scavenging. However, during secondary ischemia and hypoxia after SCI, this dynamic equilibrium is altered. The production of oxygen free radical exceeds the scavenging ability, resulting in oxygen free radical accumulation. This oxidative stress can cause cell apoptosis (Das et al., 2012). Normal mitochondrial membrane potential is required for biological oxidation and ATP production, and is necessary to maintain the physiological functions of mitochondria (Kroemer et al., 1997). Mitochondrial membrane potential is also strongly associated with apoptosis (Jiang et al., 2013; Suzuki et al., 2013). A decrease in mitochondrial membrane potential can lead to a series of changes the in inner and outer mitochondrial membrane, such as altering mitochondrial membrane permeability, releasing cytochrome C, activating Bcl-2 and caspase family members leading to apoptosis (Bernardi et al., 1999; Choi et al., 2007; Ravindran et al., 2011). In this study, MDA content was slightly increased, glutathione content was slightly decreased, and ATP content slightly reduced in the early stages after SCI. With prolonged injury time, these findings rapidly worsened. The ATP content was reduced and the Na^+^-K^+^-ATPase activity was diminished. This caused the mitochondrial ion exchange to be disordered, a decrease in mitochondrial membrane potential and mitochondrial membrane permeability, release of cytochrome C and activation of caspase-3, finally resulting in apoptosis.

Our results confirmed that mitochondrial fusion played a key role in the early stage of SCI, when changes in mitochondrial function are small; however, when mitochondrial fission played a key role, changes in mitochondrial functions were more significant. We presumed that mitochondria initiated defense mechanisms in the early stages of SCI to reduce potential pathological injury. With prolonged injury time, the ratio of mitochondrial fusion and fission changed, and the above defense mechanisms were reduced. Moreover, the activation of the mitochondrial apoptotic pathway through pathological mechanisms finally induced apoptosis. Within 4--8 hours after injury, various factors were changed, consistent with previous results (Azbill et al., 1997; Cai et al., 2006; Soane et al., 2007), suggesting the necessity of effective therapy before the cascade reaction. These findings verified that the optimal therapeutic window was less than 6--8 hours after SCI.

This study reported the pathophysiological changes caused by secondary injury with regards to subcellular organelles, recorded the time-related changes in mitochondrial morphology and function after acute SCI, laid the foundation for further study of the effects of mitochondria on SCI, provided a theoretical basis for mitochondria-targeted therapy for SCI, and provided a new target for the prevention and treatment of SCI.
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